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Abstract 
Analogous to cuprate high-Tc superconductors, a NiP-based compound system has several crystals in 
which the Ni-P layers have different stacking structures. Herein, the properties of BaNi2P2 are reported. 
BaNi2P2 has an infinite–layer structure, and shows a superconducting transition at ~3 K. Moreover, it 
exhibits metallic conduction and Pauli paramagnetism in the temperature range of 4 – 300 K. Below 3 K, 
the resistivity sharply drops to zero, and the magnetic susceptibility becomes negative, while the volume 
fraction of the superconducting phase estimated from the diamagnetic susceptibility reaches ~100 vol.% at 
1.9 K. These observations substantiate that BaNi2P2 is a bulk superconductor. 
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1. Introduction 
Cu- and other transition metal-based compounds are attractive for exploring 
high-transition-temperature (high-Tc) superconductors because it is considered that the high 
transition temperatures benefit from the strong electron correlation between 3d electrons in the 
transition metal atoms. Many cuprate high-Tc superconductors have been discovered, including 
one reported in 1993, which has Tc of 133 K [1]. On the other hand, typical Tc’s of other 
transition metal based compounds (including oxides and pnictides) are lower than those of 
cuprate high-Tc superconductors. However, the discovery of new classes of superconductors, 
such as Sr2RuO4 [2], NaxCoO2·yH2O [3], electron-doped HfNCl [4], LixNbO2 [5], has provided 
complementary insight to better understand the mechanism of superconductivity as well as clues 
for exploring higher-Tc materials. 
Recently, we have studied a series of quaternary compounds, which contain transition metal 
ions, LaTMOPn (TM = transition-metal cations such as Mn, Fe, Ni, and Co; Pn = P and As), with 
the expectation that this series will be a new correlated electron system. In our studies, we have 
found new superconductors, LaFeOPn [6, 7] and LaNiOPn [8, 9], and an itinerant ferromagnet, 
LaCoOPn [10]. As shown in Fig. 1(a), LaTMOPn has a layered crystal structure where the 
positively charged La-O layers and negatively charged TM-Pn layers, which are composed of an 
edge-sharing network of TMPn4 tetrahedra, are alternately stacked along the c axis. It is thought 
that the TM-Pn layers sandwiched between the wider-gap La-O layers form magnetic and carrier 
conduction layers. 
Ternary compounds containing transition metal ions, ATM2P2 (A = Ca, Sr, Ba, and lanthanide 
cations), have the ThCr2Si2 structure and belong to the I4/nmm space group. In addition, these 
ternary compounds show unusual physical properties such as intermediate valence states 
(EuNi2P2 [11]) and various magnetic properties, ranging from Pauli paramagnetism (CaNi2P2 
[12]) to ferromagnetism (LaCo2P2 [11]), and to antiferromagnetism (CaCo2P2 [13]). Figure 1 (b) 
shows the crystal structure of ATM2P2, which has a layered structure similar to LaTMOP. The 
structure of the TM-P layer is essentially the same as that in LaTMOP where the TM-P layers are 
composed of an edge-sharing network of TMP4 tetrahedra. However, the wider-gap La-O layers in 
LaTMOP are replaced with the A cation layers in ATM2P2. Thus, this crystal structure lacks a 
wider-gap insulating layer. Therefore, this structure may be regarded as an infinite-layer structure, 
which is analogous to cuprate high-Tc superconductors. Because an infinite-layer cuprate, 
(Sr1-xCax)1-yCuO2, exhibits a high-Tc of 110 K [14], we speculate that superconducting transitions 
are present in infinite-layer compounds composed of other transition metal cations, ANi2P2 and 
AFe2P2. Although to date, AFe2P2 (A = Ca, Sr, Ba, La) and ANi2P2 (A = Ca, La) have been 
examined, a superconducting transition has not been observed down to 1.8 K [12, 15]. Only 
LaRu2P2 with the ThCr2P2-type structure shows a superconducting transition at 4.1 K [15]. 
Here we report that a ThCr2Si2-type phosphide, BaNi2P2, exhibits a superconducting 
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transition at ~3 K. Although Keimes et al. [16] have previously synthesized BaNi2P2 and reported 
its crystal structure, they did not report its electrical and magnetic properties. We synthesized 
~90% pure BaNi2P2 samples, and measured their electrical and magnetic properties down to 1.9 
K. 
 
2. Experimental 
Samples were prepared by a solid-state reaction of the starting materials, Ba (Johnson 
Matthey Company, 99.9%), P (Rare Metallic, 99.9999%), and Ni (Nilaco Corporation, 99.9%). A 
stoichiometric mixture of the Ba, P, and Ni powders was pressed into a pellet, and heated in an 
evacuated silica tube initially at 400 °C for 12 h and then at 1000 °C for 12 h. The sintered pellet 
was reground and subsequently pressed into a pellet, which was sintered at 1000 °C for 12 h. The 
resulting samples were characterized by high-power X-ray diffraction (XRD, D8 
ADVANCE-TXS, Bruker AXS) with Cu Kα radiation, which detected trace amounts of impurity 
phases, BaNi9P5, Ba(PO3)2, and BaNi2(PO4)2. Therefore, the crystal structure of BaNi2P2 and the 
compositions of the impurities were refined by the four-phase Rietveld method using the code 
TOPAS3 [17]. 
Electrical resistivity of the sintered pellets (apparent densities: ~63%) were measured in the 
temperature range from 1.9 to 300 K by the four-probe technique (using PPMS, Quantum 
Design). Sputtered Au films were used as ohmic contacts. Magnetic measurements were carried 
out using a vibrating sample magnetometer (VSM, using PPMS, Quantum Design). Temperature 
dependence of the magnetization was measured in a magnetic field at 10 Oe after zero-field 
cooling (ZFC) to the measurement temperatures. 
 
3. Results and discussion 
Figure 2 shows the powder XRD pattern of the purest sample obtained to date, which still 
shows diffraction peaks of BaNi2P2, BaNi9P5, Ba(PO3)2, and BaNi2(PO4)2. Four-phase Rietveld 
analyses revealed that the obtained sample was mainly BaNi2P2, but contained ~9 vol.% of 
BaNi9P5, ~2 vol.% of Ba(PO3)2, and ~1 vol.% of BaNi2(PO4)2. The obtained samples are dark 
gray and chemically stable in air. 
Figure 3 shows the temperature dependence of the electrical resistivity (ρ) at an external 
magnetic field (H) of 0 Oe. The resistivity at 300 K was 2.8 mΩ·cm, and a metallic behavior was 
observed at temperatures down to ~3 K. The inset shows a magnified view in the temperature 
range of 1.9 – 10 K as a function of H. At H = 0 Oe, ρ dropped sharply at ~3 K, and the 
resistivity vanished at 2.7 K, implying a superconducting transition. The onset temperature where 
ρ begins to drop decreases as H increases, and the drop in ρ vanishes at H = 1000 Oe. These 
results suggest that the observed changes are due to a superconducting transition at ~3 K. 
Figure 4 shows the temperature dependence of the mass magnetization (M) measured at 10 
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Oe after the ZFC. M was as small as ~1×10-4 emu/g, and was nearly independent of temperature 
at 4 – 300 K, implying Pauli paramagnetism in this temperature range. However, M began to drop, 
became negative at ~3 K, and reached a large negative value of -1.1 × 10-1 emu/g at 1.9 K. These 
results, together with the zero resistance in Fig. 3, clearly indicate that the obtained sample 
exhibits superconductivity at temperatures below ~3 K. The field dependence of the 
magnetization (M-H) curve in the inset of Fig. 4 shows that the decrease in the negative 
magnetization is proportional to H at H < 150 Oe, and then increases to zero as H increases up to 
550 Oe. This behavior is similar to that observed in type-II superconductors. Furthermore, in this 
case the lower and upper critical magnetic fields were estimated to be Hc1 = ~150 Oe and Hc2 = 
~550 Oe, respectively. The volume fraction of the superconducting phase estimated from the 
slope of the M-H curve at H < 150 Oe was nearly 100%. 
Next, the effects of the impurity phases were assessed. The impurity phase BaNi9P5 shows a 
temperature-independent Pauli paramagnetism [18], whereas BaNi2(PO4)2 exhibits an 
antiferromagnetic transition at a Neel temperature of 24 K [19]. Rietveld analyses showed that 
the volume fractions of the impurity phases [~9 vol.% for BaNi9P5, ~1 vol.% for BaNi2(PO4)2, 
and ~2 vol.% for Ba(PO3)2] were negligible compared to that of the superconducting phase. 
Consequently, we conclude that BaNi2P2 is a bulk superconductor below ~3 K. Although other 
Ni-based superconductors, LnNi2B2C (Ln = Y, Tm, Er, Ho, and Lu) and La3Ni2B2N, which are 
composed of tetrahedral Ni layers similar to LaNiOPn and BaNi2P2, have been reported, each Ni 
ion is coordinated not by Pn, but by B ions [20, 21]. It is known in crystal chemistry and complex 
chemistry that Cu2+ ions tend to take planar four coordinate structures, while Ni and Fe ions 
prefer to take tetrahedral structures, suggesting that a planar Cu2+ structure is not a requisite for 
superconductivity, and such a transition metal-based tetrahedral layer is key to discovering new 
superconductors.  
 
4. Summary 
BaNi2P2, which belongs to the ATM2P2 system with the ThCr2Si2 structure, is regarded as an 
infinite-layer structure. BaNi2P2 shows a superconducting transition at ~3 K. Thus, BaNi2P2 is 
tentatively assigned as a type-II superconductor with a lower critical magnetic field of ~150 Oe 
and an upper field of ~550 Oe at 1.9 K. In the ATM2P2 system, the transition metal TM can be 
replaced with other transition metal ions, and the lattice parameters can also be controlled by 
replacing the A cation. These features provide a new platform to systematically survey the 
relationship among superconducting transitions, d electron configurations, and crystal structures. 
Hence, the discovery of higher-Tc superconductors is anticipated in this and related material 
systems. 
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Fig. 1. (a) Crystal structure of LaTMOPn. La-O layers and TM-Pn layers are stacked along the c 
axis. (b) Crystal structure of ATM2P2. Structure of the TM-P layer is similar to that in LaTMOP. 
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Fig. 2. XRD pattern of BaNi2P2 sample measured (blue circles) and simulated by the Rietveld 
method using the refined result (red line). Trace amounts of impurities, BaNi9P5, Ba(PO3)2, and 
BaNi2(PO4)2, are detected, and their diffraction peaks are indicated by open circles, triangles, and 
squares, respectively. 
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Fig. 3. Temperature (T) dependence of the electrical resistivity (ρ) at H = 0 Oe. Inset shows the 
ρ-T curves as a function of H magnified in the temperature range of 1.9-10 K. 
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Fig. 4. Temperature (T) dependence of the mass magnetization (M) measured at 10 Oe after 
cooling to 1.9 K under a zero magnetic field. Inset shows the filed (H) dependence of M at 1.9 K. 
 
